Abstract This work was conducted to explore heavy metal pollution in soils in an area near lead smelters in Jiyuan City, which is one of the main lead production areas in China. Altogether, 88 topsoil samples (0-20 cm) were collected from farmlands near the Yuguang lead smelting facilities; the sampling sites were 1570 to 6388 m to the main stack of the Yuguang. Analysis of the samples indicated that (i) the ranges of total Cd and Pb concentrations were 0.81-4.30 and 64.5-435 mg kg −1 , respectively, mean pollution indices (concentration in soil/background value, PI) were 32.8 and 9.11, respectively, and the concentrations of total Cu, Zn, and Ni were slightly higher than the background values. Mean concentrations of DTPA-extractable Cd and Pb were 0.752 and 58.7 mg kg −1 , respectively.
Among different pollution sources of heavy metal in soil, nonferrous metal (especially Pb and Zn) mining and smelting is the major source. Henan Province in northern China is the biggest lead production province in China at present, with lead output accounting for about one third of China's total . Main lead smelters in Henan Province lie in the three cities of Anyang, Jiyuan, and Sanmenxia, resulting in elevated levels of Cd and Pb in soils and crop grains in the vicinity of these smelters (Qiu et al. 2016; Xing et al. 2016; Zhang et al. 2012; Zhao et al. 2017 ). High concentrations of Pb have also been found in hair and blood of people living near the smelters (Qiu et al. 2016; Zhang et al. 2012; Zhou et al. 2013) . The lead smelting industry in Jiyuan City began in the 1950s. In 2016, Jiyuan produced 978,000 tonnes of Pb, which accounted for 21.0% of the total lead output of China that year (Jiyuan City Government 2017) , and the soils near the smelting plants have been inevitably polluted with Cd and Pb (Cheng et al. 2014; Li et al. 2016; Qiu et al. 2016; Ran et al. 2010; Zhao et al. 2017; Zhou et al. 2013) . There is no lead mining in Henan Province; thus, the accumulation of heavy metals in soils near the lead smelters is predominantly from atmospheric deposition from the lead smelters. Compared with pollution from mining slags and waste water (Lü et al. 2018) , atmospheric deposition from smelters affects a larger area, with relatively uniform heavy metals distribution in soils. Besides lead smelting, Jiyuan City also has heavy industries such as iron smelting and production of construction materials, chemical products, and coal. These plants all contribute to the accumulation of heavy metals in soil. However, the contribution of heavy metal accumulation in soils in Jiyuan from different polluting sources has not been investigated yet. Published studies about heavy metal accumulation in soils in Jiyuan often assume the lead smelting plants are the unique source of heavy metal release to the environment, based on sampling sites around the lead smelters, typically less than 3000 m from the stacks (Cheng et al. 2014; Li et al. 2016; Qiu et al. 2016; Ran et al. 2010; Zhao et al. 2017; Zhou et al. 2013) . Investigation of farmland soils near a lead smelter which began production during the 1990s in Anyang City, Henan Province, observed sampling sites which were more than 2.5 km to the stack and found total concentration of Cd in 0-20 cm depth to be about 2.50 mg kg −1 (Cheng et al. 2014) . The farmland soil quality standard of China requires the total Cd concentration < 0.6 mg kg −1
. Thus, pollution of heavy metals in soils near the lead smelters in Jiyuan which began production from 1950s may cover a much wider area. In order to fully estimate the extent of the contaminated soil impacted by lead smelters, research studies must expand the area of sampling to assess the reach of deposition. For source identification of heavy metals in soil, Pb isotopic analysis has been successfully utilized (Bi et al. 2009 ). Recently, Bi et al. (2006) applied elemental correlation of the ratios between Cd and Pb in contaminated soils to discriminate the pollution from atmospheric deposition and that from solid waste of Zn smelting. They concluded that because of the lower boiling point of Cd than those of Pb and Zn, Cd will accumulate in particulate matters while Pb and Zn tend to accumulate in solid waste during the smelting process. Shen et al. (2017) demonstrated that pollution of soil samples from different sampling sites with similar Cd/Pb ratios was distinguishable to identify the source. Non-linear correlation between Cd, Pb concentrations of soil samples to the distance of the smelters has been noticed in different works (Bi et al. 2006; Cheng et al. 2014; Douay et al. 2008; Ghayoraneh and Qishlaqi 2017; Ran et al. 2010 ), due to the deposition characteristics of the particulate matters from the stack. Thus, if a soil is affected by pollution sources from more than one lead smelting stack, the correlation may very likely to change. As a result, it is possible to discriminate pollution sources of heavy metals in soils within an area predominantly affected by atmospheric deposition from a smelter.
The purpose of the work was to (i) investigate the distribution of heavy metals in soils in the vicinity of lead smelters by sampling a larger area than the previously reported studies in Jiyuan, and (ii) use the distribution of heavy metals in soils to estimate the contribution of different sources on the accumulation of heavy metals in soils near a lead smelter.
Materials and methods
The study area
The samples in this work were collected from the northwest rural part of Jiyuan City (Fig. 1) . Jiyuan City lies to the south of the Taihang Mountain. The annual mean temperature and precipitation of this area are 14.4°C and 860 mm, respectively. There are three lead smelting plants in Jiyuan at present, and are identified as the Yuguang, Jinli, and Wanyang. The Yuguang was founded in 1957; its present annual lead (Pb) and zinc (Zn) production capacities are 400,000 and 300,000 tonnes, respectively. The Wanyang and Jinli were both founded in 1995; the Wanyang produces 200,000 tonnes of Pb and 200,000 tonnes of sulfuric acid annually, while the Jinli produces 300,000 tonnes of Pb and 250,000 tonnes of sulfuric acid annually. Atmospheric emissions from these facilities deposit heavy metals on local farmland soils as particulate matter; no pollution of solid waste or wastewater was found. The Wanyang lies to the east side of hills, while the Jinli and the Yuguang both lie on plain areas (Fig. 1) . Aside from residential areas, roads, and factories, the predominant land use in the sampling area is agronomic production (~70-80% of land area) with residential vegetable gardens. The soil in this area belongs to Ustic Cambosols according to Chinese Soil Taxonomy Research Group (2001) . Summer corn (Zea mays L.) and winter wheat (Triticum aestivum L.) rotation is widely practiced in this area.
Collection and processing of the soil samples Samples were collected in October 2014. The sampling area lies to the northwest of the Yuguang (Fig. 1) . The samples were all collected from wheat fields at the depth of 0-20 cm. The sampling sites which were closest to the Jinli, Wanyang, and Yuguang were 8.1, 3.2, and 1.57 km to the main stacks of these smelting facilities, respectively. In total, 88 soil samples were collected.
The distribution of the sampling sites is indicated in Fig. 1 . The altitude, longitude, and latitude values of the sampling sites were measured with a handheld GPS unit. The sampling began from the northern most sample in Fig. 1c , then went south to the area just north of Kejing Town. Sampling continued from the west of Kejing, then to the area near Daguofu Village and Xinzhuang Village (Fig. 1 ). The first sample was labeled T1 and sequentially numbered to T88. Samples T1 to T19 lie on the slope of the Taihang Mountain; the altitude of these sampling site deceases from 353 m to about 210 m above sea level from north to south. At the location of sample T19, the altitude of the farmland is roughly similar with the rest of the sites (T20-T88). There were some small enterprises near the sampling sites of T1-T10; these operations process lead and coal or produce bricks. The small lead-processing enterprise near site T1 ceased its operation in about 2010.
For each composite sample, three soil subsamples were collected in an area of about 10 m to 10 m at the depth of 0-20 cm with a shovel, and then the three subsamples were combined and mixed to make one composite sample. For each subsample, a 20-cm deep pit was dug on the ground with the shovel, the wall of the pit was made vertical and smooth, and then a 5-cmthick cuboid of soil was carefully collected by cutting the soil on the wall to 20 cm with a knife. Subsamples for each composite sample were of similar weight.
The samples were taken to laboratory, air-dried, and ground gently to pass a 2-mm sieve, mixed thoroughly to homogenize. Then about 20 g of soil from each sample was ground with an agate mortar to pass a 0.149-mm sieve and mixed thoroughly.
Sample analysis
The 0.149-mm samples were digested on a hot plate with hydrogen peroxide, hydrofluoric acid, perchloric acid, and nitric acid for analysis of the total concentration; the 2-mm soil samples were extracted with
concentrations of cadmium (Cd), copper (Cu), lead (Pb), nickel (Ni), and zinc (Zn) in the solution were determined with atomic absorption spectrometry (PGeneral-TAS 990, Beijing). The digestion or extraction of each sample was conducted in triplicate. A reference soil sample (GBW07427, Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geological Sciences) was included in each batch of digestion for quality control; recoveries of Cd, Cu, Pb, Ni, and Zn ranged 96-117, 98-104, 97-111, 96-109 , and 97-107%, respectively, while the mean values were 110, 101, 107, 103, and 102%, respectively. The analysis was conducted according to Lu (2000) .
Data processing
The triplicate values of each sample were used to calculate the mean value of each sample. The data was processed with Microsoft Excel and SPSS (Statistical Product and Service Solutions) 19.0. The equation with the biggest F value in curve estimation was chosen. The longitude and latitude values of the sampling sites and the main stack of the smelting plants were used to calculate the distances between the sampling sites and the stack according to Wei (2008) . The availability index (AI) was calculated as the percentages of the DTPA-extractable concentration of one metal to the total concentration of the metal in the same sample. Pb/Cd ratio is the ratio of the total concentrations of Pb and Cd of the same sample. The pollution index (PI) was the ratio between the concentrations of a metal in the sample to the background concentration of this element in this area. Normally in smelter impacted soils, the Pb concentration is much higher than Cd. Past studies (Bi et al. 
Results and discussion

Total concentrations of heavy metals
The results of the total concentrations of the heavy metals in the soil samples are indicated in Table 1 . The distances between all the sampling sites to the main stack of the Yuguang vary between 1570 and 6388 m. With the exception of some Cu concentrations that were lower than the background value, concentrations of other heavy metals in individual samples were all higher than the background values.
The PIs of different metals ranked Cd> > Pb > Ni > Cu ≈ Zn. Generally, a PI > 3 is considered the threshold of pollution, which in this case, only the values of Cd (32.8) and Pb (9.11) exceeded this level. PI values of Cu, Ni, and Zn were all less than 1.8. It appears there is serious Cd pollution and less serious pollution of Pb in the study area. Xing et al. (2016) investigated the accumulation of Cd, Pb, and As in wheat grains harvested in an area about 3.5 km to the west of the present sampling area, and found that compared with the national food quality standard of China, the concentrations of Cd in all the samples and of Pb in some of the samples were higher than the maximum permissible concentrations. The results of the soil concentrations of Cd and Pb in this study are in agreement with those identified in Xing et al. (2016) .
Previous research which studied the accumulation of heavy metals in soils near the lead smelters in Henan Province also found Cd and Pb as the primary polluting elements (Cheng et al. 2014; Li et al. 2016; Liang 2016; Ran et al. 2010; Zhao et al. 2017) . Concentrations of Cd and Pb in soils ranged 2.75-11.5 and 42.9-396 mg kg −1 , respectively, with medians of 5.0 and 96.9 mg kg −1 in soils near a lead smelter in northern Henan Province (Cheng et al. 2014) . The lead smelter examined in Cheng et al. (2014) began its operation in 1993, while the Yuguang began its operation in 1950s, but the median concentrations of Cd and Pb in Cheng et al. (2014) were much higher than those in this work. Conversely, the median and maximum concentrations of Cd and Pb in the present work are higher than other works investigating heavy metals in soils near lead smelters in Jiyuan (Yao et al. 2015; Li et al. 2016; Qu et al. 2016; Zhao et al. 2017) . These variations are partly due to the difference between the distributions of the sampling sites in previous works. For example, soil very close to the smelter was not sampled in this work, which often observes very high concentrations near the stack and directly attributed to the stack emissions. Hence, the concentrations of Cd and Pb starting in the zone of deposition near the smelters decrease as distance from the stack increases (Cheng et al. 2014; Douay et al. 2008) . Further, we limited our sampling to cultivated wheat fields. Meadows were not sampled in this work since smelting waste disposal may happen on meadows and our emphasis was on emission deposition.
Concentrations of DTPA-extractable heavy metals , respectively, the medians were close to those in the present work (Table 2) . Yao et al. (2015) and Zhao et al. (2017) found the maximum concentrations of DTPA-extractable Cd and Pb were about 14 and 738 mg kg
, with an average of 1 and > 60 mg kg −1 in about 200 soil samples near the lead smelters collected in Jiyuan City. Their sampling areas partly covered the study area in this work, and the maximum concentrations of these two elements were much higher, while the mean concentrations were a little higher than those in this work. Cadmium had the highest AI (33.2%), followed by Pb (31.9%). Among the three metals with lower PI values, Cu had the highest AI, followed by Zn and Ni (Table 2 ). The results indicated that the AI are in agreement with the PI as in shown in Table 1 .
Correlation between heavy metal in soil and the distance to the stack of the smelting plant
The values of the total and DTPA-extractable concentrations of these five metals all decrease as the distance between the sampling sites and the main stack of the Yuguang increases. Significant correlations were found between the total or DTPA-extractable concentrations of all five metals and the distance (p < 0.01), and the correlations were non-linear, except for total Ni (Table 3) . The correlation between the heavy metal concentration and the distance to the pollution source is in good agreement with those of Bi et al. (2006) , Cheng et al. (2014) , Douay et al. (2008) , Li et al. (2012) , and Ran et al. (2010) . The equations of both total and DTPAextractable Pb and total Cd had the highest r 2 values among all the correlations. The non-linear correlation between the heavy metal concentrations of soil samples to the distance to the smelter can be regarded as a characteristic of the spatial distribution of heavy metals predominantly from atmospheric deposition from a point source. It is predicted that this correlation would not be as strong when considering soils affected by ore mining and processing, as contamination would be more localized and linear (Lü et al. 2018 ).
The variation of the concentration of the total Cd and Pb as a function of distance from the Yuguang stack is shown in Figs. 2 and 3 . These figures indicate that the concentrations of Cd and Pb decline with increasing distance from the stack; however, at a distance of about 6300 m, the concentrations of both Cd and Pb in some samples increase as the distance increases. This elevated concentration near 6300 m implies that the Cd and Pb concentrations of these samples were positively affected by another source other than the Yuguang. After investigation of the area near those sampling sites, we suspect the concentrations are affected by the small enterprises near sampling site T1. The most distant sampling site is 6388 m to the main stack of the Yuguang. Analysis of the curves in Figs. 2 and 3 suggests that even if there were no effect from the small enterprises near sampling site T1, the concentrations of Cd and Pb in the samples at 6300 m are still much higher than the background values. If we assume the polluted area resulting from the Yuguang smelting facilities is a perfectly round circle with a radius of 6388 m, it would cover an area of 128 km 2 . The present productivity of lead from the Yuguang, Jinli, and Wanyang facilities are all greater than 100,000 tonnes . Based on the distribution of heavy metals in soil near each smelting plant in this work and the lead outputs of these plants, the anticipated contamination area (where total Cd > 0.6 mg kg −1 , the threshold concentration of farmland soil in China) near the smelters would be much greater (Liang 2016 ). More investigation is needed to identify if this area of contamination is even greater.
The variation of the AI of Cd and Pb to the distance between the sampling sites and the main stack of the Yuguang was indicated in Fig. 4 . The AI values decline as the distance increases for both Cd and Pb; however, the values of Pb decline slower than those of Cd. At the distance of 6300 m, the AI values of Pb in some samples decrease sharply as the distance increases, while those of Cd increases sharply. The abnormal variation of the AI values to the distance of these samples suggests that the emission characteristics of the source that results in these variation is different from that of the Yuguang. Lead (Pb) from this other potential source has lower availability, while Cd has higher availability than the input from the Yuguang. The variation at about 6300 m is probably due to the emission from the small enterprises near these sampling sites; this is in agreement with the variation of the total concentrations of Cd and Pb in Figs. 2 and 3. Isotopic analysis of Pb would probably help to differentiate the sources.
Significant negative linear correlation was found between the Pb/Cd ratio and the distance between the sampling sites and the main stack of the Yuguang (Fig. 5) (p < 0.01). This implies that the Pb from the emission of the stack tends to deposit near the stack, while the Cd transfers a longer distance. The distance which a particle can transport in the atmosphere is affected by its mass, where lighter particles can travel longer distance than heavier ones (Ettler et al. 2016 ). Shen et al. (1991) investigated the composition of particles from a Zn smelter, and found that smaller particles contained both Cd and Pb, while only Pb was found in larger particles. These results may explain the reason why Pb/Cd ratios of the soils decrease with increasing distance to the stack in this work.
In Fig. 5 , the Pb/Cd ratio values of some samples at about 2500 and 4000 m were much higher than the fitted linear regression. These samples were found at three zones ( Fig. 1) : to the north of Kejing Town, to the north of Jiuwu Village, or to the southwest of Daguofu Village. Samples near Jiuwu Village and Daguofu Village have closer distances of all the samples in this work to the main stack of the Wanyang (see Fig. 1b for the location of the Wanyang smelting facilities). Because shorter distance results in higher Pb/Cd ratios as discussed above, the particles from the Wanyang are likely influencing higher Pb/Cd ratios. The samples collected to the north of Kejing Town may be influenced by sources in the town, which may also alter the Pb/Cd ratios of these samples.
The ratios of different elements in soil near smelters or the variation of the ratio in different particles has rarely been used for the correlation calculation to the distance to the pollution source. Bi et al. (2006) proposed that because of the lower boiling point of Cd to those of Pb and Zn, Cd, and to some extent Pb tends to partition onto lighter, carbon-based particulate matter while Pb and Zn will be left in the solid waste during Zn smelting process, thus a higher Cd/Pb ratio in contaminated soils implies that the heavy metal pollution is mainly from atmospheric deposition of smelting. Li et al. (2014) investigated the concentrations of heavy metals in soil fractions with different particle size near gold mines in Beijing with elevated concentrations of Pb and Cd. Calculated with their data, the resulting Pb/Cd ratio of 315.6. Thus, the lead smelting activities increase the Pb/Cd ratios of soil. Still, the estimation of the effect of different pollution sources on the variation of Pb/Cd ratios to the distance is based on the hypothesis that the Pb/Cd ratios at different distances to the pollution source are different. This concept is similar to conclusions of Bi et al. (2006) , which stated that soils having similar Pb/Cd ratios had similar pollution sources. The results of this work indicate that the variation of the concentrations of Cd, Pb and the Pb/Cd ratios of samples to the distance to the pollution source can be potentially used to discriminate the atmospheric deposition from different sources.
Correlation between concentrations of heavy metals
The Pearson correlation results of heavy metal concentrations were outlined in Table 4 . Most of the correlations are statistically significant (p < 0.05), with the correlation between DTPA-Cd and DTPA-Pb, total Cd and total Pb having the biggest correlation coefficients. Correlation with total Ni has relatively poor significance. These results are in good agreement with similar studies (Cheng et al. 2014; Ghayoraneh and Qishlaqi 2017; Ran et al. 2010) . The poor correlation between total Ni concentrations with other elements implies that the total Ni concentration was not affected by the smelting.
Component analysis results
The variation of the total concentrations of Cd, Pb, Cu, Zn, and those of the DTPA-extractable-Cd, Pb, Cu, Zn, and Ni in the soil was mainly affected by Component 1, which had positive effect on the concentrations of these elements (Table. 5). Accumulation of Cd and Pb in the samples was from the atmospheric deposition from the emission of the Yuguang. Thus, Component 1 is the effect from the Yuguang. Component 1 had negative effect on the concentration of total Ni in the samples. Component 2 had negative effect on the concentrations of both total and DTPA-extractable Cd and Pb; however, it had the biggest positive effect on the concentration of total Ni. Because the concentration of total Ni was less affected by the lead smelting (Tables 1, 2 , and 3), Component 2 is the geological contribution in the soils. Jiyuan City is important for Zn, Pb, and coal production in China. Before the high blood lead levels of residents in Jiyuan were reported by the media in 2009 (Qiu et al. 2016) , there are about 200 lead smelting works in this city; most of them were small, with poor infrastructure facilities and high pollution by atmospheric deposition and solid waste from smelting. Some of these smelting facilities were located in remote areas, such as that was reported by Cheng et al. (2017) . After 2009, the government closed most of the smelting facilities (Qiu et al. 2016) . Currently, only the Yuguang, Jinli, and Wanyang lead smelting plants are still in operation. Scientists and authorities have been actively investigating the accumulation of heavy metal pollution from the lead smelting plants in Jiyuan, but all the published investigations were conducted in the vicinities of the existing three lead smelting plants Qiu et al. 2016; Yao et al. 2015; Zhao et al. 2017) , while the contribution from the closed smelting plants was ignored. Compared with the pollution from the three existing lead smelting plants, the pollution from the closed smelting facilities had much lower output, thus assumed they affected much smaller areas. The variation of Cd, Pb, and Pb/Cd of soils to the distance of one pollution source used in this work may be helpful to identify the contribution of different pollution sources, including those once-active sources.
Conclusions
Analysis of 88 topsoil (0-20 cm) samples collected near the lead smelters in Jiyuan indicated that (i) Cd is the most accumulated heavy metal in soil; the concentrations of Cd ranged 0.81-4.30 mg kg . (ii) Significant correlation between the concentrations of total Cd, total Pb, and Pb/Cd ratios to the distance between the sampling sites and the main stack of the closest lead 
